The paper presents a fiber-optic sensor, which allows determining the moisture content using the method of attenuation total reflection (ATR) Fourier transform infrared spectroscopy in the wavelength range from 1.2 to 6.5 μm. The fiber sensor comprises of a transmitting fiber bundle, a receiving one, and an ATR element. The modeling results of the sensor are given. The geometric parameters of the ATR cone were estimated depending on the fiber bundle's size. The optical losses of each fiber element were calculated and the total output power of the receiving bundle was estimated.
INTRODUCTION
In high-capacity power transformers, hydrocarbon-based oils are used as an insulating material. During operation, the oils accumulate moisture, dissolved gases, and oxidation products, which causes aging insulation and increasing the risk of accidents. It is known that there is a high risk of insulation emulsification when the moisture concentration in the oil reaches 5% of the total insulation volume. This lead to a high failure probability of the transformer. To measure the moisture content in the transformer oil, one can use monitoring devices operating in continuous and periodic modes. The continuous sensors of moisture are the most effective for the early stage detection of oil impurification. These sensors implement electrical and spectral methods [1] . The moisture determination by means of the electric sensors is based on measuring the electrical capacitance or electromagnetic resonance. The relative error of the _____________ measurement methods for electrical capacitance is 0.05-2 %. The second group of electric sensors measures moisture using electromagnetic resonance when the radiation directly interacts with a medium. Such devices have a low accuracy (the relative error of the method is about 10%), therefore they are rarely used for high-capacity power transformers.
The main disadvantage of the electric moisture sensors is the low interference resistance that limits their usage for the transformers of the voltage class from 1.5 to 2.5 kV. Sensors, which realize spectral methods, are widely used for measuring the composition of gases contained in oils. Such devices have high sensitivity, but they are not able to contact with test media, because they are installed above the oil level, and therefore cannot determine the moisture content in oils.
FUNDAMENTALS
To quantify the moisture content in transformer oils, the authors proposed the sensor with an immersion probe. This sensor is intended for ATR Fourier transform infrared spectroscopy in the range from 1.2 to 6.5 μm. The specified range of the spectrum is justified by the absorption peaks of water at the wavelengths of 1.45 μm, 1.95 μm, 2.94 μm, and 6.02 μm, which are associated with valent vibrations of OH groups and H-O-H deformation vibrations [2] . The main characteristic absorption bands of transformer oils are 2920 cm -1 and 2860 cm -1 (the wavelengths of 3.42 and 3.49 μm, respectively), which are determined by the stretching vibrations of the CH groups (namely, CH 2 and CH 3 ). In the near IR, there is also the corresponding absorption band at λ = 1.725 μm [3] . Most intensively, water absorbs at a wavelength of 2.94 μm, and this absorption is 15 times higher than the absorption of radiation at λ = 1.95 μm, while the intensity of absorption at a wavelength of 6.02 μm is rather low [2] . Thus, the use of the near-and mid-infrared ranges combination is the most relevant for the proposed sensor.
The sensor system consists of a broadband IR-source, a fiber probe, and an optical signal detector [4] . As a sensitive element for attenuation total reflection, we use a zinc selenide cone with the transmission range of 0.2-18 μm (see Fig. 1 ). Fiber bundle elements of the sensor comprise both quartz glass fibers (cover the wavelength range of 1.2-2.5 μm) and AgCl-AgBr crystal fibers (cover the wavelength range of 2.5-20.0 μm) [5] [6] .
The proposed fiber sensor allows setting the units of IR-source and optical signal detector outside the strong field of EM-interference. One more advantage of the sensor is that the immersible element does not react with test media. The total optical losses is one of the main functional parameters of sensor systems. It determines the requirements for electro-optical components of the sensor. In this paper, we theoretically estimated the total optical losses of the proposed fiber probe depending on the refractive indices, the geometric configuration, and the detected wavelengths.
OPTICAL LOSSES SIMULATION
Each fiber bundle of the sensor comprises seven hexagonally arranged fiberschannels: four channels operated in the NIR range for the detection of water absorption peaks, two channels operated in the MIR range for the detection of oil absorption peaks, and one channel operated at a wavelength of 1.6 µm for the reference signal. The power distribution P 0 from the used broadband radiation source is characterized by a Gaussian beam, thus the input power distribution across the transmitting channels was assumed as 100% for the central fiber and 85% for the peripheral fibers. Three radially arranged channels were made of single-layer AgClAgBr crystal fibers, four peripheral channels were made of single-layer quartz fibers. The ATR element was made of ZnSe glass in the shape of the cone with an angle between the generator and the base of 45°. This form provides the multiple total reflection of optical signals from the cone surface and their transmission from each channel of the transmitting bundle to the corresponding channel of the receiving bundle ( Figure 1 ) [1] . The radius of the ATR cone base depends on the size of receiving and transmitting bundles and the value of the numerical aperture, and it is determined by the following relationship:
( 1) where R k is the radius of the cone base, D b is the diameter of the fiber probe, NA is the numerical aperture of the fibers. The parameter NA is calculated by the formula:
where n core is the refractive index of the fiber core, n clad is the refractive index of the fiber cladding. In this case, the numerical aperture should not exceed 0.1. The calculation of optical losses depending on the refractive index dispersion is presented in Table I . The authors determined refractive indices and intrinsic optical losses of AgCl-AgBr fibers experimentally in [6] . The intrinsic losses values of quartz fibers were taken from [7] . The authors assumed that the optical losses of zinc selenide can be neglected due to the small optical path. Fresnel losses are defined as the radiation reflection coefficients r from the end surfaces between the sensor elements. They were calculated by the formula [8] :
where n e is the refractive index of the studied medium. Total losses, as the sum of the Fresnel losses r on the number N of the end surfaces of the sensor elements and intrinsic losses a on the radiation attenuation, were calculated by the formula: The power of the transmitted radiation through the separate element i of the sensor system was defined as:
The results of optical losses calculations showed that from 21.4 to 48.2% of the input power of the radiation, passed through the transmitting fiber bundle and ATR element, reaches the receiving fiber bundle. Our future goal is a simulation of more complex sensor system included electro-optical components, optical filters, radiation detectors, and signal amplifiers. This will allow taking into account the nonuniformity of the power distribution across the sensor channels.
CONCLUSION
Thus, in the frame of this study, a fiber optic sensor targeted to the detection of moisture content in transformer oil was designed. The modeled fiber optic probe has a length of 1 m, which makes it possible to deploy the electronic part of the sensor outside the transformer case, thereby providing the protection against electromagnetic interference. Moreover, the maximum possible length of AgClAgBr fiber probes is more than 10 m. Such lengths cover the most types of fiber probe applications. The use of fibers based on the AgCl-AgBr system is limited to a length of 10 m, therefore, with a fiber probe length of more than 10 m, they can be replaced by chalcogenide fibers [9] .
